PURPOSE. In ischemic retinopathies, the misdirection of reparative angiogenesis away from the hypoxic retina leads to pathologic neovascularization. Thus, therapeutic strategies that reverse this trend would be extremely beneficial. Nitric oxide (NO) produced by endothelial nitric oxide synthase (eNOS) is an important mediator of vascular endothelial growth factor (VEGF) function facilitating vascular growth and maturation. However, in addition to NO, eNOS can also produce superoxide (O 2 À ), exacerbating pathology. Here, our aim was to investigate the effect of eNOS overexpression on vascular closure and subsequent recovery of the ischemic retina.
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PURPOSE. In ischemic retinopathies, the misdirection of reparative angiogenesis away from the hypoxic retina leads to pathologic neovascularization. Thus, therapeutic strategies that reverse this trend would be extremely beneficial. Nitric oxide (NO) produced by endothelial nitric oxide synthase (eNOS) is an important mediator of vascular endothelial growth factor (VEGF) function facilitating vascular growth and maturation. However, in addition to NO, eNOS can also produce superoxide (O 2 À ), exacerbating pathology. Here, our aim was to investigate the effect of eNOS overexpression on vascular closure and subsequent recovery of the ischemic retina.
METHODS.
Mice overexpressing eNOS-GFP were subjected to oxygen-induced retinopathy (OIR) and changes in retinal vascularization quantified. Background angiogenic drive was assessed during vascular development and in aortic rings. NOS activity was measured by Griess assay or conversion of radiolabeled arginine to citrulline, nitrotyrosine (NT), and superoxide by immunolabeling and dihydroethidium fluorescence and VEGF by ELISA.
RESULTS.
In response to hyperoxia, enhanced eNOS expression led to increased NOS-derived superoxide and dysfunctional NO production, NT accumulation, and exacerbated vessel closure associated with tetrahydrobiopterin (BH 4 ) insufficiency. Despite worse vaso-obliteration, eNOS overexpression resulted in elevated hypoxia-induced angiogenic drive, independent of VEGF production. This correlated with increased vascular branching similar to that observed in isolated aortas and during development. Enhanced recovery was also associated with neovascular tuft formation, which showed defective NO production and increased eNOS-derived superoxide and NT levels.
CONCLUSIONS. In hyperoxia, reduced BH 4 bioavailability causes overexpressed eNOS to become dysfunctional, exacerbating vaso-obliteration. In the proliferative phase, however, eNOS has important prorepair functions enhancing angiogenic growth potential and recovery in ischemia. (Invest Ophthalmol Vis Sci. 2012;53:6833-6850) DOI:10.1167/ iovs. I ntravitreal neovascularization (NV) is a serious complication of several major retinal diseases, including diabetic retinopathy, retinopathy of prematurity, and retinal vein occlusion with uncontrolled vessel growth resulting in severe vision loss. [1] [2] [3] NV occurs in response to tissue ischemia and vascular endothelial growth factor (VEGF) stimulation; however, in the retina, new vessels often fail to recover the ischemic tissue and instead infiltrate the transparent vitreous resulting in visual impairment. 4, 5 Current treatment regimens such as pan retinal laser photocoagulation, although effective, have significant side effects. Newer options designed to inhibit VEGF production decrease NV formation, but do not correct the underlying hypoxic stimulus, meaning that repeated administration is essential. Furthermore, because VEGF plays an important role in retinal endothelial and neuronal cell survival long term these treatments may not be ideal and may be potentially deleterious. 6 Together, the limitations of the current treatment regimens emphasize the importance of developing methods that inhibit the proangiogenic stimulus while also achieving a long-lasting therapeutic effect. One such alternative option could be to redirect new vessel growth into the hypoxic retina that would repair the ischemic retina while also preventing the growth of vessels into the vitreous. 7, 8 To achieve this important goal it is important to understand the key regulators of angiogenesis in the unique tissue setting of the retina.
Angiogenesis in the retina is controlled largely by VEGF and there is now a considerable amount of evidence demonstrating that the angiogenic effect of VEGF is mediated, in part, through endothelial nitric oxide synthase (eNOS)-derived nitric oxide acting as a survival factor for endothelial cells by both suppressing apoptosis and promoting endothelial cell migration and tube formation. [9] [10] [11] [12] [13] [14] Accordingly, increasing eNOS expression has been shown to have restorative potential for wound healing and angiogenesis in ischemia. 15, 16 In the eye the spatial orientation of the retinal vascular bed is critical to preserve the avascularity of the vitreous while also facilitating its role in maintaining tissue oxygenation and nutrient supply. 17, 18 Thus, although it is known from studies on knockout animals that eNOS-derived nitric oxide is important to stimulate hypoxia-induced vascular growth, its role in promoting intraretinal versus intravitreal angiogenesis is unclear. 13 Nitric oxide is produced from arginine by three different isoforms of nitric oxide synthase and according to the amount produced and its cellular source, it may have either proangiogenic or paradoxically antiangiogenic actions. In the ischemic retina it has previously been shown that NO derived by inducible NOS is upregulated in glial cells in the avascular tissue during hypoxia, where it inhibits intraretinal angiogenesis and increases pathologic intravitreal neovascularization. 7 In the same context, expression of the endothelial isoform of NOS is decreased along with the demise of the endothelium in the vasoobliterative phase and thus precedes the onset of hypoxia. Therefore in this study we sought to investigate if enhancing NO production from eNOS within the endothelium could increase angiogenic drive and accelerate intraretinal vascular recovery.
Analyzing the role of eNOS in disease is complicated by the fact that eNOS, in addition to producing NO, can become dysfunctional or uncoupled and generate the oxygen free radical superoxide (O 2 À ) in preference to NO. 19 The consequences of this are 2-fold: first, there is a decrease in bioavailable NO; second, the concomitant increase in O 2 À production leads to elevated levels of peroxynitrite (ONOO À ), a highly reactive free radical derived from the reaction of O 2 À with NO. Overall, this process compromises the homeostatic functions of eNOS. Thus eNOS can either be beneficial to vascular health or contribute to disease. This dual role of eNOS in angiogenesis is not well studied. In the retina, free radicals derived from NOS have been shown to trigger apoptotic cell death and capillary closure in response to hyperoxia and diabetes. 13, [20] [21] [22] [23] This response is believed to be mediated by NOS-derived peroxynitrite. However, the mechanism that leads to enhanced ONOO À production in hyperoxia is not fully characterized. One possibility is that the increased O 2 À levels derived from enzymes such as NADPH oxidase-upregulated in hyperoxia-reacts with eNOS-derived NO, elevating ONOO À levels. A second possible pathway is that eNOS acts as a source of O 2 À in addition to producing NO. Mechanistically, this is important to define as therapeutic strategies that address oxidative stress without ensuring correct NOS function could limit the efficacy of such treatments. Moreover, NO has many important vasoprotective functions. Therefore, any disturbance to its function could have detrimental effects for endothelial integrity. There are several possible causes of eNOS dysfunction, including an insufficiency of the essential cofactor, BH 4 , or the substrate, arginine. Indeed, there is much evidence to demonstrate that endothelial dysfunction, an early indicator of cardiovascular disease, is caused by an inadequate supply of BH 4 for eNOS to function efficiently. 24 The role of BH 4 in retinal vascular pathology is less well characterized.
The possibility of opposing roles for eNOS in the murine oxygen-induced retinopathy (OIR) model underlines the need to characterize the effect of eNOS overexpression on the hyperoxic and the hypoxic phases. 28 Transgenic animal models with modified eNOS expression have been central to defining the role of eNOS in disease, especially with regard to defining its role in either preventing or exacerbating disease. 25, 26 Therefore we used one such strain, an eNOS-green fluorescent protein (GFP) overexpressing model, to further define the role of eNOS in retinal angiogenesis. These animals overexpress eNOS as an eNOS-GFP fusion protein to facilitate identification of the transgenic protein. These animals have been extensively characterized and the presence of the GFP has been shown to have no adverse effect on the activity of the enzyme. In addition, they have similar functional characteristics as eNOS overexpressing animals without the GFP tag, such as a similarly reduced blood pressure, further indicating that addition of GFP has no effect on function.
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MATERIALS AND METHODS
Retinal Vascular Parameters: Physiologic Angiogenesis and OIR
Animals overexpressing eNOS-GFP on a C57/BL6 background were used for all experiments. These animals encode the full-length human genomic DNA sequence including the endogenous eNOS promoter, fused in frame with an eGFP reporter sequence allowing expression of an eNOS-GFP fusion protein. 27 Briefly, a genomic DNA fragment including 6 kb of 5 0 sequence, the complete eNOS gene, and 3 kb of 3 0 sequence was isolated from a human cosmid library. At the STOP codon of the eNOS gene, a linker was introduced that allowed the inframe insertion of eGFP (derived from the pEGFP-N1 plasmid; Clontech Laboratories, Mountain View, CA). Oocytes from FVB mice were used for microinjections and transplanted into B103CBA. Offspring were back-crossed to C57Bl6 for at least five generations. Animals homozygous for the transgene are not viable, therefore, heterozygous animals along with their litter mate controls were used throughout and are referred to as eNOS-GFP and wild type (WT). To investigate normal vascular development, eyes were examined at various time points known to be important for vascular development including postnatal (P) days 5, 7, 12, and 17, fixed in 4% paraformaldehyde (PFA) and retinas processed as described in the following text. For OIR treatment, pups on postnatal day 7 (P7) along with their mothers were placed into a high-oxygen (75%) environment for 5 days, resulting in vasoobliteration of the central retinal vasculature as described previously. 8, 29, 30 At P12 the mice were returned to room air and euthanized at intervals between P12 and P17. One eye of each animal was fixed in 4% PFA for immunostaining or cyropreserved in optimal cutting temperature (OCT) medium for subsequent cryosectioning; the other retina was snap frozen and stored at À708C for later protein extraction. All animal studies were performed under a project license issued by the UK Home Office (Animals Scientific Procedures Act 1986), approved by the local animal care ethics committee and conducted in accordance with the ARVO statement for the use of animals in ophthalmic and vision research.
Retinal Flat-Mount Processing and Analysis
Lectin Staining of Vasculature in the Murine Retina. PFA-fixed eyes were flat mounted and blood vessels labeled with biotinylated isolectin as described. 30 Briefly, specimens were treated with permeabilization buffer (PBS with 0.5% Triton-X-100, 1% normal goat serum, 0.1 mM CaCl 2 , 0.05% NaN 3 ) for 4 hours at 378C and incubated with biotinylated GS isolectin B4 (20 lg/mL; Sigma-Aldrich, Dorset, UK) overnight at 48C followed by strepavidin conjugate (Alexa-Fluor 568; Molecular Probes, Eugene, OR).
Analysis of Lectin-Stained Retinal Flat Mounts. Lectin-stained flat-mounted retinas were imaged using a fluorescent microscope (Nikon Eclipse E400; Nikon Corporation Instruments Co., Tokyo, Japan). Normal vascular development was assessed by imaging vascular network formation in the superficial, intermediate, and deep retinal layers at P5, P7, P12, and P17. In developing retinas, the vascular plexus migration distances were measured in microns from the edge of the optic disk in each quadrant and averaged to obtain a mean value for each retina. For branch point measurement, high-magnification images were collected adjacent to the leading edge of the vascular plexus or in the central retina using an inverted microscope (Nikon TE2000-U). Branching points were counted by marking forks in the vascular tree. In each image the path of the vessels was followed toward the leading edge of the vascular plexus and the number of forks in the vessels were marked and counted. The total number of branching points was divided by the total area of vascular plexus to correct for any size differences between retinas. For quantification of vaso-obliteration, vascular regrowth, and neovascularization, images were taken at P12, P13, and P17 post-OIR. The vascular, neovascular, and avascular areas were demarcated and measured in each quadrant in square microns using microscope imaging software (NIS Elements Microscope Imaging; Nikon Instruments Inc., Melville, NY). Avascular areas were defined as those that displayed no lectin staining; normal vascular areas as those that resembled a classical chicken-wire type network, generally in the peripheral retina; and neovascular areas as brightly fluorescent tuftlike structures generally found at the vascular/avascular interface. These latter features were further confirmed as being neovascular extraretinal tufts by re-embedding in OCT medium and cryosectioning of flat-mounted retinas following image capture. In contrast to vascular development, following OIR vascular growth proceeds from the periphery of the retina toward the central retina. Therefore, to estimate branch point measurement at P17 post-OIR, a series of high-power images were taken adjacent to the advancing vasculature front and quantification performed as described above.
Vascular Regression Analysis
Vascular remodeling and regression in retinal flatmounts were estimated by double-staining with B4 isolectin and collagen type IV (Collagen IV polyclonal antibody; AbD Serotec, Oxford, UK). Three high-power Z-series images were then collected from each quadrant and the number of regressed vessels per 0.5 mm 2 determined. Regressed vessels were those that displayed only collagen IV staining, indicating the presence of a basement membrane, but lacking endothelial cells, indicated by the absence of lectin staining. Z-series collection was used to verify that vessels designated as regressed were indeed regressed, as opposed to those migrating to form the deeper retinal layers.
Determination of Nitrite Formation by Griess Assay from Whole Retinal Explants
Following dissection individual retinas were placed into freshly prepared warmed Krebs-HEPES buffer (pH 7.4, composition in mM: 99.01 NaCl, 4.69 KCl, 1.87 CaCl 2 , 1.20 MgSO 4 , 1.03 K 2 HPO 4 , 25.0 NaHCO 3 , 20.0 Na-HEPES, 11.1 glucose). Wash buffer was replaced with fresh Krebs-HEPES buffer and one retina incubated with 1 lM calcium ionophore (Sigma-Aldrich) to stimulate NO production, whereas the contralateral eye was either used to measure basal (unstimulated nitrite levels) or incubated with calcium ionophore in the presence of the NOS inhibitor L-NAME (1 mM) and incubated at 378C for 14 hours in a tissue-culture incubator. Conditioned media was removed and nitrite levels determined by Griess assay with measurements corrected for total sample weight. Protein was then extracted from the retinal samples and processed for Western blotting to quantify eNOS and nitrotyrosine levels. Moreover, comparison between eNOS and NT immunoreactivity were similar if taken at 0 hours or following the 14-hour incubation and both were unaltered by ionophore stimulation (see Supplementary Material and Supplementary Fig. S1 , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs. 12-9797/-/DCSupplemental). 31 
NOS Activity Assay
NOS activity was determined by the conversion of radiolabeled arginine to citulline using a NOS activity assay kit as described previously (Cayman Chemical Co., Ann Arbor, MI) with minor modifications. 30 Pooled mouse retinas were homogenized and added to the reaction mixture containing [ 14 C]arginine (0.05 lCi; Amersham Biosciences, Piscataway, NJ) and incubated 1 hour at 378C. For comparisons in the presence or absence of additional BH 4 , 1 aliquot of retinal lysate was added to a buffer containing BH 4 (3 lM) and another aliquot from the same pool added to a buffer without additional BH 4 . A third sample was used for Western blotting to determine NOS isoform expression. Following the 1-hour incubation, ice-cold HEPES buffer containing EDTA (pH5.5) was added and unreacted arginine and ornithine removed by filtration through a spin column before determination of [ 14 C]-L-citrulline levels. For each sample, background was determined by incubation in the presence of L-NNA and subtracted from the total counts. To ensure measurements of NOS activity only the arginase inhibitor (S)-(2-boronoethyl)-L-cysteine-HCl (BEC; 5 lM; Calbiochem/EMD Chemicals, Gibbstown, NJ) was added to all reactions. For NOS activity, n ¼ 5 to 6 retinas were pooled and assayed in triplicate.
Aortic Ring Assay
Adult eNOS-GFP and age-and sex-matched WT littermate animals were used for the aortic ring assay and adapted from a protocol for rat aortas. 32 Briefly, following euthanasia the aorta along with the heart was removed and placed immediately in ice-cold DMEM. Following removal of adipose tissue 1-mm rings were cut and placed in 96-well plates precoated with prepolymerized gelatinous protein mixture (Matrigel; BD Biosciences, Franklin Lakes, NJ)/PBS mixture (1:1) and embedded in additional protein (Matrigel/PBS) mixture (1:1). Following polymerization, DMEM containing 10% fetal calf serum (Gibco/ Invitrogen Ltd., Paisley, UK) with or without 1 mM NG-nitro-L-arginine methyl ester (L-NAME) was added to each well. The medium was changed every 2 days and specimens fixed after 7 days. Following image capture the numbers of branch points at the perimeter of the aortic ring were quantified. Vessel density was quantified using microscope imaging software (NIS Elements). Endothelial cell identity in explants was confirmed by PECAM and anti-GFP immunolabeling with FITC conjugated anti-GFP (Abcam) or PECAM.
Detection of Reactive Oxygen and Nitrogen Species
Sample Preparation. Freshly isolated whole eyes were embedded in OCT compound (Tissue-Tek; Fisher Scientific, Waltham, MA) using liquid nitrogen cooled isopentane and eyes vertically sectioned at 10 lm, mounted on slides (Superfrost Plus; Menzel-Gläser, Braunschweig, Germany) and stored at À208C until use.
Dihydroethidium (DHE) as an In Situ Fluorescent Indicator of Superoxide Production. In situ superoxide production was quantified with the oxidative fluorescent dye dihydroethidium (DHE) as previously described. 30 Briefly, serial cryosections (10 lm) were preincubated for 30 minutes at room temperature in PBS in the presence or absence of each of the following inhibitors: polyethylene glycol-superoxide dismutase (PEG-SOD, 400 U/mL), or L-NAME (1 mM). Sections were then incubated with DHE (10 lM) in the presence or absence of the same inhibitors for 1 hour at 378C in a dark humidified chamber. DHE images were obtained using a confocal laser-scanning microscope (CLSM 2000; Bio-Rad Micro-Radiance; Bio-Rad, Hercules, CA) at a magnification of 3400 and identical acquisition settings maintained for collection of all images. For P12 analysis, the ganglion cell layer (GCL), where the vessels reside (or pre-OIR, had been located), was demarcated (see Supplementary Material and Supplementary Fig. S9 , http://www.iovs.org/lookup/suppl/doi:10.1167/iovs. 12-9797/-/DCSupplemental). For the P17 post-OIR sections, NV tufts were demarcated and fluorescence corresponding to these quantified by automated image analysis using ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsbweb.nih.gov/ij/index.html). For each treatment a mean fluorescence value was determined from 8 images (from at least 6 sections) per eye and three eyes were assayed per experimental group from three independent OIR experiments.
Nitrotyrosine Immunolocalization in Retinal Sections. Nitrotyrosine (NT) is the stable end product of reactions between peroxynitrite and tyrosine residues on cellular proteins; it is therefore a useful surrogate marker of peroxynitrite. Freshly cut retinal sections were fixed with 4% PFA for 30 minutes at room temperature. Sections were permeabilized using PBS with 0.3% Triton-X-100. Tissue was blocked with 5% NGS containing 0.1% Triton-X-100 in PBS for 30 minutes followed by 30 minutes in 1% BSA in PBS prior to antigen detection with polyclonal antinitrotyrosine antibody (06-284; Upstate/ Millipore, Billerica, MA) and secondary antibody (Alexa-Fluor 568).
Measurements of nitrotyrosine staining intensity were made using Image J software. The neovascular tuft areas, graded as nuclei reaching above the retinal surface, in P17 specimens were demarcated in the images using the DAPI staining as a guide. For P12 data, the GCL was demarcated and fluorescence in this layer quantified. For each group a mean fluorescence value was determined from at least 10 images per Nitrite production was measured using a Griess assay on isolated whole retinas from adult eNOS-GFP and WT mice in the presence or absence of A23187 and L-NAME (n ¼ 2-3 independent experiments each performed on three eyes). (E) NOS activity assay measured as the conversion of radiolabeled arginine to citrulline in the presence or absence of BH 4 (n ¼ 5 retinas/group). *P < 0.05, **P < 0.01, ***P < 0.001. Arterioles (a) and veins (v). Scale bars: (A) 500 lm; (B) 50 lm.
eye to give n ¼ 1, three eyes were assayed per experimental group from three independent OIR experiments.
Western Blotting
Retinas were thawed on ice and prepared as described previously. 30 Equivalent amounts of protein sample, typically 30 lg, were separated on a 9% SDS-polyacrylamide gel and proteins transferred to polyvinylidene difluoride membrane (Pall Corporation/Life Sciences Division, Port Washington, NY) and immunostained with anti-eNOS (BD Biosciences), monoclonal anti-nitrotyrosine (Cayman Chemical Co.) primary antibodies, followed by the appropriate horseradish peroxidase (HRP) conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). To verify equivalency of loading, the membrane was probed with b-actin mouse monoclonal antibody (Sigma-Aldrich). The membrane-bound protein was detected by enhanced chemiluminescence (Immobilon Western chemiluminescent HRP substrate; Millipore Corp.) in accordance with the manufacturer's instructions. Images were acquired using a commercial imaging system (AutoChemi Imaging System; UVP BioImaging Systems, Upland, CA). Band densitometry was performed on images using imaging system software (Labworks v4.08; UVP BioImaging Systems). Quantification of FIGURE 2. Tube formation in aortic explants from eNOS-GFP mice compared with WT. Aortic rings were embedded in a gelatinous protein mixture (Matrigel) and cultured for 7 days in DMEM with 10% FCS with and without L-NAME. (A, B) Aortic rings stained with PECAM-1 (red) and counterstained with DAPI nuclear stain (blue) demonstrate colocalization with endothelial eNOS-GFP. Higher-power images in (B). (C) Quantification of branching and (D) vessel density in the presence and absence of L-NAME. *P < 0.05, **P < 0.01; n ¼ 4 to 6 aortic rings per group in 7 to 8 independent experiments. Scale bars: (A) 500 lm; (B) 100 lm.
eNOS in Western blots refers to total eNOS expression (eNOS þ eNOS-GFP) unless otherwise stated.
VEGF ELISA
Individual retinas at P13 or P17 post-OIR were homogenized in 150 lL of PBS in the presence of protease inhibitors. After two freeze-thaw cycles were performed to break the cell membranes, the homogenates were centrifuged for 5 minutes at 5000g and VEGF in the supernatant was determined by ELISA (R&D Systems, Minneapolis, MN) following the manufacturer's instructions. Values were expressed relative to the protein content of the sample.
Statistical Analysis
Statistical analysis was performed by independent Student's t-test to determine differences between groups (*P < 0.05; **P < 0.01; ***P < 0.001). When comparisons between more than two groups were performed, ANOVA was used to determine statistical significance followed by Tukey's post hoc testing. All data are presented as 6 SEM from 3 to 6 individual OIR experiments unless otherwise indicated.
RESULTS
Retinal Expression of eNOS-GFP in Adult Animals
eNOS-GFP expression in retinal vessels of adult animals showed restricted expression to the endothelium along with the typical subcellular localization to the plasma membrane in endothelial cells (Fig. 1) . In addition, GFP fluorescence was absent in other retinal cell types. Calcium ionophore produced a measurable increase in nitrite production, which was inhibitable with L-NAME, confirming NOS-dependent nitrite generation (Fig. 1D) . Functionality of the eNOS-GFP fusion protein was shown by a 1.6-fold increase in nitrite formation comparable to the increase in eNOS protein (3-fold) in these animals (Figs. 1C, 1D ). NOS activity assay in the presence of additional BH 4 showed a 4-fold increase in eNOS activity compared with WT controls, which was similar to the difference in eNOS expression between the groups. In the absence of BH 4 , although total NOS activity was reduced overall, there was still a comparable and significant difference in eNOS activity between the groups, indicating a correlation between protein levels and activity (Fig. 1E) .
Effect of eNOS Overexpression on Branch Formation and Vascular Coverage in Aortic Explants
The aortic ring assay was used as an accessible in vitro system to investigate the effect of eNOS overexpression on angiogenic processes in vitro. When aortic rings from WT and eNOS-GFP mice were embedded in gelatinous protein mixture (Matrigel), there were significantly more sprouts formed in explants from eNOS-GFP mice (Fig. 2) . Addition of L-NAME decreased sprout formation in both groups with a significant difference seen in the eNOS-GFP animals with the number of sprouts falling from 18.9 6 1.8 to 9.3 6 1.7 with L-NAME. In agreement with this, quantification of vascular density also showed significantly more profuse branching of the network of tubes in eNOS-GFP explants. Again the density of branching was reduced upon addition of L-NAME.
Effect of eNOS Overexpression on Physiologic Vascular Development
Normal vascular development in all animals was determined by analysis of network formation at P5, P7, P12, and P17, which showed comparable degrees of vascularization in each of the retinal layers, a superficial layer at P5, and formation of the deeper layers from P7 through to P12 and P17 including similar evidence of arterial and venous specification in both groups (see Supplementary Material and Supplementary Figs. S2, S3 , http:// www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-9797/-/ DCSupplemental). GFP expression coincided with lectin positive vessel staining at each of the time points examined, P5, P7, P12, and P17 ( Fig. 3 confirming transgene expression at early stages of inner retinal vascular development and demonstrating that the regulatory elements in the human promoter recapitulate those present in the murine promoter. Furthermore, analysis of vascular development at P7 demonstrated that there was no significant difference in the maximum vascular plexus migration distances, as measured from the optic disc to the retinal periphery, in the developing retina of eNOS-GFP mice compared with WT littermates. There was, however, a small but statistically significant increase in the density of the vascular plexus and in branch formation in the eNOS-GFP group (Fig. 4) . This difference was also evident at P5 and P17 in room air control animals (see Supplementary Material and Supplementary Figs. S5 , S7, http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.12-9797/-/DCSupplemental).
To further investigate if the increased vascular density seen in the primary vascular plexus at P7 was due to changes in vascular remodeling or pruning between the genotypes we performed collagen IV staining of retinal flatmounts at P7 (Fig. 5) . Following vessel remodeling the basement membrane protein collagen IV is preserved, which results in the appearance of collagen IV positive, lectin negative vessels. There was no significant difference in the number of pruned vessels in the vasculature of WT retinas and eNOS-GFP retinas. This was also the case for 
Effect of Hyperoxia-Induced Vaso-Obliteration on eNOS Overexpression
Vaso-obliteration in WT and eNOS-GFP mice was estimated at P12 following 5 days of hyperoxia. There was a significant increase in the avascular area in eNOS-GFP transgenic mice, indicating increased severity of vaso-obliteration (Fig. 6) . At the same time point, NOS protein levels were 2-fold higher in the eNOS-GFP group despite evidence of less vasculature posthyperoxia, suggesting more eNOS-GFP protein expressed/cell (Fig. 7) . This difference in expression was also reflected in the enhanced NOS activity in this group. Importantly, this obvious difference was lost when additional BH 4 was not supplied, indicating that the endogenous BH 4 levels in the sample were not sufficient to meet the demands of the additional eNOS. This decreased NO production from eNOS in hyperoxia suggested that eNOS may be uncoupled and producing superoxide in addition to NO. Indeed, this was further substantiated by demonstration of enhanced vessel-associated DHE florescence in the eNOS-GFP group post-OIR, which, importantly, was inhibited by L-NAME, providing further evidence that eNOS was the source of this superoxide. This also correlated to enhanced NT immunofluorescence in the same layer. NT is a long-lasting marker of ONOO À activity and accordingly was also found to be elevated in the GCL of the avascular retina at P12 posthyperoxia (see Supplementary Material and Supplementary Fig. S9 , http://www.iovs.org/ lookup/suppl/doi:10.1167/iovs.12-9797/-/DCSupplemental).
Vascular Regrowth following OIR: Revascularization versus Pathologic Neovascularization
Following hyperoxia exposure, when mice are returned to room air the ensuing hypoxia in the central retina induces neovascularization. We investigated the vasculature of WT and eNOS-GFP mice at P13 in retinal flat mounts stained with lectin. There was no immediate regrowth of vasculature following return of the animals to room air in WT animals and a negligible increase in vascular area seen in eNOS-GFP animals (data not shown). Because of the increased vaso-obliteration in these animals it was important to express the values for vascular growth by P17 relative to P12. Total vascular growth by P17 relative to P12, was significantly greater in eNOS-GFP mice compared with WT (Fig.  8) , resulting in equivalent amounts of avascular area between the two groups. Further characterization of the vascular phenotype showed that it consisted of increased normal vasculature in addition to NV tuft formation (Fig. 9) . Estimation of branching at the interface between the avascular/vascular interface showed that the density of vascular branching was significantly increased in eNOS-GFP animals relative to WT (Fig. 10) .
Nitrite Production and NOS Activity in P17 Post-OIR Retinas NOS activity in eNOS-GFP and WT retinal extracts at P17 post-OIR was compared with age-matched retinas not subjected to OIR (room air control: RAC). In the RAC group there was a 2-fold increase in activity in the eNOS-GFP group irrespective of the presence of additional BH 4 . This 2-fold difference in activity reflected the 2-fold increase observed in protein expression demonstrated by Western blotting. In contrast, in the OIR-treated group, despite a 10-fold increase in total eNOS expression compared with WT, this translated into only a moderate increase in NO activity. Significantly, in the absence of BH 4 , this difference was completely lost. NO production was also measured using a Griess assay on intact freshly isolated retinas following OIR and also showed a marginal although still significant increase (1.6-fold) in nitrite production from eNOS-GFP retinas compared with WT when corrected for total protein or retinal weight. This disparity between protein expression and NO production suggests that NOS function was compromised and producing superoxide as well as NO. This was confirmed further by a 2.4-fold increase in NT levels (Fig. 11) . Importantly, there was also no significant change in iNOS or nNOS protein levels found in retinal samples from WT and eNOS-GFP mice at P17 (see Supplementary Material and Supplementary Fig. S10 , http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.12-9797/-/DCSupplemental).
Investigation of Reactive Oxygen and Nitrogen Species in NV Tufts Post-OIR
Quantification of Nitrotyrosine. NT immunofluorescence in the neovascular tufts in sections from P17 OIR retinas from WT and eNOS-GFP mice was significantly greater in retinas from eNOS-GFP mice (Fig. 12A ) and colocalized to eNOS expressing neovascular tuft regions.
Quantification of Superoxide Production Using DHE. We investigated in situ superoxide formation in retinal sections from P17 mice specifically in neovascular tuft regions using the oxidative fluorescent dye DHE (Fig. 12C) . DHE fluorescence, which was inhibitable with PEG-SOD and L-NAME, was significantly increased in the neovascular tufts in eNOS-GFP animals compared with WT, suggesting eNOS as a possible source of superoxide production.
VEGF ELISA
VEGF expression is increased in line with hypoxia and is induced between P12 and P13 in response to tissue hypoxia. To investigate the possibility that the enhanced growth drive between P12 and P17 may be due to the exacerbated vascular À generation was assessed using the oxidative fluorescent dye DHE in cryosections in the presence or absence of PEG-SOD or L-NAME. Representative image of DHE (red) staining intensity in the vessel containing GCL demarcated with the yellow outline. In the eNOS-GFP group there was a marked increase in red fluorescence intensity, indicating an increase in the levels of O 2 À formed. Inhibition by L-NAME indicates NOS as a source of O 2 À . (B) Quantification of DHE staining shown in (A). n ¼ 3 from different OIR experiments. Scale bars: 50 lm. (C) NOS activity assay arginine-citrulline conversion in the presence or absence of BH 4 ; n¼5 retinas/group. Western blotting shows eNOS and eNOS-GFP expression in corresponding retinal lysates. *P < 0.05, **P < 0.01, ***P < 0.001.
closure at P12, we measured VEGF levels at P13 (acute hypoxic phase) and P17 as a measure of hypoxic drive. Importantly, VEGF levels were comparatively lower in the eNOS-GFP group at P13, suggesting the enhanced angiogenic drive in these retinas was indeed eNOS driven (Fig. 13) . By P17, the expression of VEGF reached that found in the WT group.
DISCUSSION
Therapeutic strategies that would redirect new vessel growth into the ischemic retina and away from the vitreous would be extremely beneficial for patients with proliferative retinopathy.
Here, our aim was to investigate the consequences of eNOS overexpression on vascular closure and to determine if supplemental eNOS could accelerate vascular recovery in the ischemic retina. 9, 10, 13 To do this we used a well-characterized transgenic strain of eNOS-GFP overexpressing animals previously shown to increase eNOS activity in other models of disease. 27 Initially, we characterized expression of eNOS-GFP in retinas from adult mice. The eNOS-GFP transgene was restricted to an endothelial localization in the retina as demonstrated in retinal flat mounts. In addition, the typical plasma membrane localization of the eNOS-GFP also confirmed that the important posttranslational modifications necessary for subcellular targeting and receptor-mediated activation were unaffected by the presence of the GFP in accordance with previous studies. [33] [34] [35] [36] [37] [38] Western blotting revealed a 3-fold increase in eNOS protein expression in the adult eNOS-GFP mice compared with the WT littermates, which correlated to a 1.6-fold increase in nitrite production, confirming functionality of the protein. Furthermore, NOS activity assay revealed a similar fold increase in enzymatic activity even in the absence of additional BH 4 , which correlated closely to the level of eNOS expression. This suggests that BH 4 bioavailability was adequate to supply the demands of the additional eNOS in the adult retina.
eNOS-deficient mice have impaired angiogenesis and wound healing and, conversely, increased expression and activity of eNOS promotes angiogenic drive, increases vessel density, and improves wound healing. [13] [14] [15] [16] [40] [41] [42] Thus having demonstrated functional overexpression of eNOS in the eNOS-GFP animals, we wanted to investigate any role such overexpression may have on vascular development in these mice. Murine retinal vascular development occurs postnatally between day 0 and day 17 and develops radially from the optic disk, driven by VEGF in response to physiologic hypoxia in the inner retina. 39 Thus we initially confirmed vessel-associated transgene expression in P5 retinas and that development of all vascular layers was normal. We also investigated the extent of vascular coverage at P5, P7, and P17 and showed that there was an increase in vascular branching in the eNOS group consistent with a role for NO in stimulating branching during angiogenesis. [40] [41] [42] Next, to determine if the increased vessel complexity was due to decreased vascular remodeling or increased angiogenic drive, we estimated the level of capillary pruning by collagen IV staining, which showed no difference between WT and eNOS-GFP at any of the time points measured (P5, P7, and P17). This indicates that the increase in vessel density noted in the eNOS-GFP animals is due to an increase in angiogenesis and not to a decrease in physiologic pruning. Our in vitro experiments using the aortic ring assay also showed that there was increased angiogenesis in samples from eNOS-GFP mice. There was a significant increase in the number of tubes formed and also increased branching of the tube network in explants from eNOS-GFP animals that could be reduced by addition of L-NAME, suggesting the increased angiogenic potential was inherent to the endothelial cells (ECs).
Following on from the discovery that there is augmented angiogenesis in the eNOS-GFP mice both in vitro and in vivo we wanted to ascertain the effect of increased eNOS expression during pathologic neovascularization in a model of OIR. In addition, because eNOS-derived peroxynitrite is implicated in contributing to the degenerative phase it was important to determine if eNOS overexpression would exacerbate vaso-obliteration in the hyperoxic phase of the condition between P7 and P12. Indeed, in agreement with this, we found that the eNOS-GFP animals demonstrated a greater loss of retinal vessels at P12 following hyperoxia despite having clear evidence of normal vascular coverage between P7 and P12, as confirmed in the age-matched room air controls. This enhanced obliteration correlated with reduced NOS activity in the absence of BH 4 along with a concomitant enhancement in EC-derived and NOS-dependent DHE fluorescence and NT immunoreactivity. In addition, we also confirmed the presence of NT in the GCL of the avascular retina. As a stable end product of ONOO À the presence of NT in the site where the vessels of the central retina were once situated suggests a previous ONOO À mediated insult. Taken together, these findings provide important new in vivo evidence that eNOS is producing superoxide in hyperoxia. This finding has important implications for therapeutic strategies aimed at preventing vascular closure: in addition to decreasing oxidative stress, it will also be necessary to restore NOS function to sufficiently secure vessel integrity in hyperoxia.
In the OIR model, upon return to room air at P12 the rapid development of sustained tissue hypoxia in the avascular inner retina induces the expression of growth factors over the next 5 days, resulting in pathologic angiogenesis characterized by sprouting of newly formed vessels, within the retina and with invasion of the vitreous body. Because this response is most visible at P17 we investigated the effect of eNOS overexpression on pathologic angiogenesis at this time point. We found that despite the exacerbated vaso-obliteration at P12 there was Nitrotyrosine immunoreactivity was performed by Western blotting and band intensity quantified. *P < 0.05, **P < 0.01, ***P < 0.001. a significant increase in vascular growth in the eNOS-GFP animals from P12 to P17 compared with WT animals. This increase in angiogenesis included normal revascularization of the ischemic retina, again with higher vascular density, but also a significant increase in the formation of extraretinal neovascular tufts. Interestingly, the increase in angiogenic drive observed in the eNOS-GFP group compared with controls was much more pronounced post-OIR than occurred during normal physiologic vascular development, suggesting an enhanced role for eNOS. The pathology observed in OIR is complex and it is possible that the effects observed in the vasoobliterative stage could have a significant effect on the later proliferative phase. Therefore, to investigate if the higher revascularization observed in our study was due to the exacerbated vasoobliteration at P12, we quantified VEGF expression at P13 and P17. P13, 24-hour posthyperoxia, is characterized by acute hypoxia and a large increase in hypoxia-induced VEGF production. Therefore, if the larger ischemic area in the eNOS-GFP group were contributing to the enhanced angiogenic drive between P13 and P17, one would expect enhanced Superoxide quantification in the presence or absence of L-NAME or PEG-SOD. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: 100 lm. *P < 0.05, **P < 0.01. VEGF production. Yet, this was not the case, given that VEGF was considerably reduced in the eNOS-GFP group compared with the WT controls. Taken together, the VEGF findings and the evidence of an elevated eNOS expression at P12 suggest that the enhanced angiogenic drive from P12 to P13 and P17 was vascular-derived and eNOS-mediated and not a result of enhanced hypoxia. Indeed, this provides further support of a role for eNOS is promoting vascular growth.
We and others have previously shown that in models in which there is accelerated vascular recovery between P13 and P17, the increased intraretinal revascularization occurs in parallel with a decrease in intravitreal NV tuft formation. 7, 8 Therefore, in eNOS-GFP animals it was surprising that, in addition to increased normal vessel growth, we also observed an increase in NV tuft formation. It has previously been shown that neovascularization is exacerbated by superoxide production and that this free radical along with peroxynitrite plays an important role in VEGF function acting either directly by enhancing VEGF signaling or indirectly by increasing VEGF production. [43] [44] [45] Thus, because we had previously shown that eNOS acts as a source of superoxide in hyperoxia we investigated if this was also the case in the ischemic retina by comparing the amount of NO produced relative to the expression profile of eNOS. 19 We showed that in P17 OIR tissue total eNOS protein expression was 6-to 10-fold higher in the eNOS-GFP animals compared with WT. This large increase in protein expression, however, was not translated into an equivalent increase in NO production or NOS activity, which was only modestly increased (1.5-fold). This was in contrast to the room air controls at the same time point that showed an increase in activity levels comparable to the increase in eNOS protein levels. Performing Western blots from whole retinal lysates showed that there was a global increase in NT formation in the eNOS-GFP retina compared with WT at P17, indicative of increased peroxynitrite formation in the retinas of these animals. Together this suggests that eNOS becomes dysfunctional in the NV phase of OIR, resulting in reduced NO production by eNOS and increased scavenging of NO by superoxide. We investigated this further by quantifying levels of superoxide and other markers of oxidative stress. We found the increased presence of superoxide and nitrotyrosine, localized to neovascular regions associated with an increase in the amount of neovascularization, in accordance with studies from other investigators showing elevated NADPH oxidase activity in these regions. 43 In contrast, here our findings suggest eNOS as a contributor to O 2 À production as a result of eNOS enzymatic dysfunction at the site of neovascularization. It was also interesting to note that in the RAC and adult tissue there were equivalent amounts of eNOS and eNOS-GFP. Post-OIR, however, there was a considerable enhancement of eNOS-GFP expression over that of the endogenous eNOS, suggesting that the human eNOS promoter driving expression of the transgene is more susceptible to hypoxic stimulation than the murine correlate. In the future, it will be interesting to investigate if one of these promoters has a therapeutic advantage over the other for the treatment of ischemic disease.
There are several potential sources of superoxide production in the retina. All three NOS isoforms are expressed in the retina as is NADPH oxidase, which is a significant source of superoxide. 44, 45 However, the finding that production of this free radical was localized to the vascular NV regions and the site of eNOS-GFP expression implies eNOS as a possible source. Moreover, the observation that the NOS inhibitor, L-NAME, reduced superoxide production also indicates that NOS is an important source of superoxide in this setting. That we could localize increased superoxide production to the neovascular areas and the fact that the eNOS-GFP mice showed both increased superoxide production and increased neovascularization suggest that the dysfunction of eNOS could be contributing to excessive NV tuft formation. Indeed, this is similar to the situation observed in other vascular diseases. For example, a high ratio of superoxide relative to NO is a contributory factor in disturbed angiogenesis in diabetes. [46] [47] [48] Indeed, it is possible that the increase in superoxide compared with NO would have the combined effect of decreasing the amount of NO available to stimulate EC migration, possibly resulting in proliferation at the expense of directional migration as observed in the NV tufts. 12 A possible cause of the eNOS dysfunction seen in the NV tufts of the eNOS-GFP mice at P17 may be due to insufficiency of the cofactor BH 4 , either as a result of increased oxidation caused by augmented superoxide production, or because the quantities of the essential substrate arginine are limiting and do not meet the requirements of the additional eNOS expression. 24, 49, 50 Next, because we had shown that cofactor insufficiency was partially responsible for eNOS dysfunction during hyperoxia, we wanted to investigate if this was also the case in hypoxia. We found that at P17 post-OIR, in contrast to the effect observed at P12, BH 4 was unable to completely restore NOS activity, suggesting that NOS activity was deficient even in the presence of BH 4 . Arginase expression has been shown to be upregulated in the proliferative phase of OIR, which competes with NOS for arginine availability and reduces NOS activity. 30 Here, we compensated for this potentially confounding factor by performing the assays in the presence of an arginase inhibitor. However, it is possible that the inhibitor was unable to suppress the high levels of arginase expressed at P17. Thus, in contrast to the P12 post-OIR retina, both arginine and BH 4 may be limiting in the NV tufts.
Taken together, our results show that eNOS plays an important role in many processes involved in development of the pathology associated with ischemic retinopathy, exerting an influence in both the vasoobliterative and proliferative stages. Importantly, we are the first to show in vivo that because of a relative insufficiency of cofactors that do not meet the needs of overexpressed eNOS, NOS becomes dysfunctional, increases oxidative stress, and exacerbates the effects of hyperoxia on vessel integrity. In parallel, we show that eNOS, in the second proliferative phase of OIR, has important prorepair functions, by enhancing angiogenic growth potential and increasing normal vascular formation and recovery in ischemia. In addition, eNOS overexpression also increases neovascular tuft formation, suggesting that ischemia partially dysregulates the role of eNOS in forming a viable vasculature. Further defining the cause of eNOS dysfunction in hyperoxia and hypoxia may allow for manipulation of eNOS function to FIGURE 13 . Determination of retinal VEGF levels following OIR. VEGF levels were measured in eNOS-GFP retinal samples at P13 and P17 following OIR by ELISA. Results are of two independent experiments with n ¼ 3 retinas per group in each experiment; *P < 0.05.
harness its vasoprotective and growth-enhancing potential while also promoting directional revascularization of the ischemic retina.
